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Abstract 
 Discrete grid model of heat transfer in granular porous medium to describe the processes of selective laser melting of powders is 
developed. The thermal conductivity in this medium is performed through the contact surfaces between the particles. The 
calculation method of morphology of random packing layer of powder considering the adhesive interaction between the particles 
is proposed. The internal structure of the obtained loose powder layer is a granular medium where spherical particles of different 
sizes are arranged in contact with each other randomly. Analytical models of powder balling process and formation of the 
remelted track are proposed. 
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1. Introduction 
Additive technologies based on the melting and sintering processes of powders (SLS, SLM) allow creating with 
high accuracy the parts of any complexity Yadroitsev (2010). The structure of the granular layer affects the 
character of distribution and absorption of laser radiation, heat transfer and melting particles. The morphology of the 
powder layer depends on the shape of the individual particles, Fig. 1. The density of the granular layer in the light 
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field of the beam change considerably due to the melting and agglomeration of the particles. Dimensions of the 
formed remelted track depend significantly on the density of the granular layer and the granulometric composition 
of the initial powder.  
The processes of selective laser melting / sintering defy strict mathematical description. The problem is 
connected with the lack of proper calculation methods of absorption of laser radiation and heat transfer in granular 
porous medium. The typically used models of these mediums based on the solution of the radiation transfer equation 
in absorbing and scattering granular medium and Mie theory to describe the interaction between particles and 
radiation are not applicable due to the smallness of powder volume falling into the light field, moving with constant 
velocity of the laser beam, where the particles contacting with each other are heated, melted and sintered. Improved 
methods of modeling and calculation are necessary to adequately describe the SLM/SLS processes. 
The powder with spherical particles have a density of loose random packing, which is more preferable for 
selective laser melting Yadroitsev(2010). The question of the possibility of using in SLM / SLS  dense packings 
obtained by vibration or compression of powder now technologically is not yet sufficiently studied, because the 
stability of the laser melting/sintering process and precision of manufactured products significantly reduced when 
using a more dense powder packing  than using a loose random packing.  
 
 
Fig. 1. Morphology of random packing: (a) - ultrafine copper electrolytic powder with a nominal particle size of 4-6 microns (METALWEB.RU); 
(b) - steel powder, 904L, Sandvik Osprey Ltd; (c) - powder based on bromine and iron isotropic magnetic properties, MQP-S-11-9, 
Magnequench. 
In this paper, the previously developed method by Kovaleva et al. (2013) for construct a 3D-random packing of 
polydisperse spherical particles is generalized in case of adhesive interaction between particles as well as a discrete 
grid model of heat transfer in granular porous medium is proposed to describe the processes of selective laser 
heating and melting in a thin loose powder layer. 
2. Calculation method of the internal structure of loose powder layer  
First and basic step in the theory of SLM and SLS-processes is a modeling of loose powder layer packing, which 
defines the initial conditions of all other processes: thermal, phase and hydrodynamic. In some papers for example 
Corwin et al. (2010), Taguchi et al. (2006), Yang et al. (2003, 2006) can be found successful attempts of modeling 
the structure of random packing.  
Corwin et al. (2010) constructed the model of a random packing of polydisperse spheres without friction to 
describe the geometric properties of emulsion dripping. The model allows to calculate the distribution of nearest-
neighbor, the contacts and local density oscillations, and also the global packing density.  
Taguchi et al. (2006) propose a simple algorithm for the packing of spheres in a cubic box, which is based on a 
consecutive starting and the deposition under the action of gravity. The coordinates of the starting point is generated 
by a random numbers generator. Only the elastic interaction between the particles is considered. Each new sphere 
stops and rests in a position when the weight force is in equilibrium with repulsive elastic forces of deposited 
spheres. The presence of elastic forces in the collision of particles imitates the adjustment of system, that violates the 
conditions of obtaining the loose packing.  
For simulation of one-dimensional particles packings in the range of 1 to 1000 μm, Yang et al. (2003) and Yang 
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402   I. Kovaleva et al. /  Physics Procedia  56 ( 2014 )  400 – 410 
et al. (2006) used the method of discrete elements, where a more complete concepts of the mechanisms of 
interaction, taking into account the rotation and elastic properties of the particles material are considered. The 
equations of momentum conservation and angular momentum are written considering the van der Waals force, 
which describes particle adhesion, as well as the normal and tangential components of the contact force between the 
particles and gravity. Discrete element method Yang et al. (2006)  most fully reflects the physics of the processes of 
contact interaction of particles. However, in calculating the packaging of N particles of the same size, all particles 
are started simultaneously. As a result a sufficiently dense packing, which is different from a random loose packing 
is obtained, the packaging structure is analyzed based on the theory of Voronoi tessellation - Delaunay.  
Modeling of loose packing involves a detailed study of the mechanisms of contact interaction between particles. 
Description of contact interaction consists of two main tasks: (ɚ) - rolling of one sphere on a surface of another 
sphere; and (b)-rolling of one sphere on a surface of the other two spheres simultaneously. If the first task (a) is 
discussed by Routh et al. (1905), where the integrable cases of the solutions are proposed, the solutions of task (b) 
are unknown. 
The proposed algorithm for calculating the coordinates of the centers of the particles of loose powder layer is 
based on modeling of the sequence of processes of throwing single spheres on a substrate with a given function of 
the size distribution.  
 
Basic assumptions: 
x cartesian system of coordinates OXYZ is considered; 
x the falling of spherical particles on the substrate (z = 0 plane) is carried out according to Newton's second 
law under the force of gravity P ;  
x N single spheres is considered, the dimensions of which are chosen randomly from a given distribution 
function )(R< , where R - radius of the sphere, Fig. 2;   
x the starting point of particle F(x0, y0, z0)  is selected at the some distance from the substrate z0=zmax >0 , 
which depends on the thickness of the loose powder layer, and the coordinates x0, y0 are chosen randomly 
within the specified range of the OX-axis and OY-axis:  -xmax<x0<xmax , -ymax<y0<ymax; 
x collision of the falling sphere with the spheres lying motionless in powder layer is considered inelastic and 
it is calculated taking into account the adhesive interaction caused by van der Waals forces Yang et al. 
(2006) and Cundall (1979);  
x at the time of the collision, the velocity of the falling sphere assumed to be zero, while its further 
movement continues along the surface of the sphere lying motionless in the mode of rolling with sliding; 
x the movement of one sphere on the surface of another is considered under the assumption of pure slip, at 
the same time the rolling down sphere can break away and lose contact, continuing freefall; 
x every thrown sphere stops and rests in a position when it has three points of contact with its neighbors, and 
the force of gravity is in equilibrium with normal force in these points 
 
Direction of acting forces and the movement pattern of F-sphere 
with center at the point ),,( FFF zyxF , on the surface of the stationary M-sphere with center at the point 
),,( MMM zyxM or two spheres  M- and L-spheres at the same time, are shown on Fig. 2 (a, b). 
The movement of thrown F-sphere near the surface of M-sphere, lying fixedly on the substrate or solid skeleton 
of the other spheres, is considered taking into account the adhesion force , which according to Yang et al. 
(2006) and Cundall (1979) is written as: 
 
 
 
where - Hamaker constant, which for metals and ceramics, according to Israelachvili (1991) and Hamaker 
(1937), varies in the range of 10-20 – 10-18 J;  -radiuses of the spheres - the distance between the spheres; 
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- unit vector directed from the center  of M- sphere to center of F-sphere; the distance  between the spheres 
in the sliding mode can be changed in a range from 10 to 100 nm. 
 
          
Fig. 2. Scheme of rolling with sliding of F-sphere on the surface of M-sphere (a); lying on a substrate, or  two M- and L-spheres simultaneously 
(b) lying on the substrate fixedly. 
2.1. The rolling of sphere on the surfaces of two fixed spheres simultaneously 
The case of rolling of one ball on a surface of the fixed another ball is simple and it's considered by Kovaleva et 
al. (2013). In case of more than one contact, for example, with L-sphere, the rolling on two spheres simultaneously 
assumes the perpendicularity of velocity vector FV  to both vectors MF and LF, Fig. 2 (b). Subject to 
perpendicularity of the vectors their scalar product is zero: ,0,  MFVF .0,  LFVF  
Vector equations of motion F-sphere on the surface of two spheres M and L at the same time, Fig. 2 (b), in the 
general case can be written as: 
 
,LFMFLFMFFF dt
dm FFNNPV                                     (1) 
,FFdt
d
V
X  ),,,( FFFF zyx X                                       (2) 
 
,,, MFMFMFMFMFMF nFnnPnN       
 
.,, LFLFLFLFLFLF nFnnPnN    
    
Here ,MFN LFN  - the normal components of normal forces at the points of contact with the M- and L-spheres, 
which occur due to the weight force P  and  two adhesion forces MFF , LFF ; ,MFMFn  MF  LFLFn  LF - unit 
normal vectors. 
Multiplying (1) by vector ),,( FFFF wvu V  scalar subject to fulfillment of the condition ,0,  MFF nV  
,0,  LFF nV  ,0,  MFMF nF  ,0,  LFLF nF  20
2, VFFF { VVV , we obtain a closed system of scalar 
equations:  
 
MFn h
ɚ b
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 ,0  FLFFLFFLF wzzvyyuxx                          (6) 
 
.22220 FFF wvuV                  (7) 
 
If the sum of component reactions of all the supports balances the weight force, the thrown sphere becomes 
fixed, remaining on the substrate or in contact with the neighbors. For solving equations (3-7) Runge-Kutta method 
of 4th order of accuracy with a variable time step was used.  
2.2. Modeling of loose random packing of powder particles 
The structure of random packing includes the determination of coordinates of the centers of particles, their 
radiuses and the average density of granular layer. Calculations were carried out for three types of powder, different 
particles materials and their sizes. The initial coordinates and radius of the spheres thrown to the substrate were 
calculated using a random number generator considering a given size distribution function.  
 
Fig. 3. Morphology of random packing of spherical particles, with diameter until 7 ȝm, steel 904L (-7 μm): a-3D plan; b - XZ-projection; 
Packing dimensions: 170 × 170 × 45 ȝm, N = 20000. 
 
 
Fig. 4. Morphology of random packing of spherical particles, with diameter until 16 ȝm, steel 904L (-16 μm): a-3D plan; b - XZ-projection; 
Packing dimensions: 250 × 250 × 80 ȝm, N = 30000. 
a b 
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a b 
Fig. 5. Morphology of random packing of spherical particles of large fraction, with diameter until 31 ȝm, Co212-F (– 31 μm): a-3D plan; b - XZ-
projection; Packing dimensions: 500 × 500 × 100 ȝm, N = 35000. 
Fig.3-5 present the random packing of particles, which were thrown onto the substrate at a distance of about 5 
mm with zero velocity. Adhesion force is clearly visible and is expressed in the fact that the smaller particles adhere 
to the larger ones. Obtained in this manner internal structure of loose layers, Fig. 3-5, allows speaking about the 
qualitative agreement of calculated morphology of random packing with actually observed on the micrographs, 
Fig.1.  
3. Model of heat transfer in random packing layer of powder particles 
On the basis of the structure of random packing, discrete model of heat distribution in a granular layer under the 
action of laser radiation is proposed.  
3.1. Basic assumptions 
Loose powder layer of N polydisperse spherical particles occupies a certain volume with dimensions zyx lll uu . 
Each particle in the layer is in contact with its neighbors, having a radius iR , average temperature along the radius 
iT , center coordinates iii zyx ,,  and a certain number of contacts ib  . 
 
Physics of laser interaction with a layer of particles is such that absorption of radiation by the surface of the 
particles is accompanied by multiple reflections, dispersion and attenuation of the beam intensity, which is described 
by Bouguer’s law:  zyxIzyxI E exp),(),,( 0  with an attenuation coefficient E . 
It is assumed that absorption of radiation by a single particle in the layer is evenly across its surface free from 
contact with neighbors. It is believed that it occurs due to the multiple reflections of radiation in the pores of the 
loose powder layer. Heat transfer in a granular layer carried out due to the contacts between the particles by 
Fourier's law. The contacts area is calculated based on the theory of H. Hertz (1882) for the elastic contact 
interaction of solids. Thermal conductivity of gas in the pores is neglected. 
3.2. Heat transfer equation in the granular layer 
A Loose powder layer of thickness zl  occupies an area zlz dd0 , the substrate of thickness 0l  located in the 
area of negative values 0: 0 dd zlz . Then variation with time of the internal energy in each particle of the 
granular layer can be written as:  
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where 
pii Rm US
3
3
4 - mass ; iR  radius; ie - internal energy; iT  temperature of i -particle; pO , SC , mC  - 
coefficient of thermal conductivity and the heat capacity of the solid and liquid phases; em LL ,  latent heat of fusion 
and vaporization, respectively; ija  radius of contact between the ji, particles ; 24 ii RS S - surface area of the 
particles;  2ii RA S - surface area of its middle section; X,E  module of elasticity and the Poisson’s coefficient; 
jNF  the projection of the resultant force     MFnnN FPF  on the normal to the contact area,  c 2ijij aA S  contact 
area; abab AK ,  absorption coefficient of the material particles and the substrate; 4 )(z  Heaviside function; 
cV  velocity of the laser beam; E  laser attenuation coefficient in the granular layer; bV =5,7 10
-8
 ȼɬ/(ɦ
2
Ʉ
4
) – 
Stefan-Boltzmann constant; H  – degree of blackness.  
3.3. The equation of heat transfer in the substrate material 
In the area occupied by the substrate material, 0: 0 dd zlz , heat equation in the form of enthalpy is 
considered:  
 Tdiv
t
H  
w
w O ,  ³
T
T
dTTcT=H
0
)()(U                                   (11) 
 
 
°¯
°
®
­
t
d

 
mmssmmmmssm
mmssmssm
mssss
HTcHcHTcHT
HTcHTcT
TcHcH
T
UUU
UU
UU
)()(
,                                                     (12) 
 
 
 
°¯
°
®
­
t
d

 
mmssm
mmssmssms
msss
HTcH
HTcHTc
TcH
UO
UUOO
UO
O 5.0 ,   
°¯
°
®
­
t
d

 
mmssm
mmssmssms
msss
HTcH
HTcHTc
TcH
UU
UUUU
UU
U 5.0 .  
 
 H  – enthalpy; ms OO , – coefficients of thermal conductivity, ms cɫ , – specific heats, ms UU , – density of the 
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solid (s) and liquid (m) material, respectively; mT – melting point of the substrate material; mH – latent heat of 
fusion.  
For calculating the temperature distribution in the substrate material, the following boundary conditions are 
considered.  
When :z 0  )()0,,( ggab TTyxIAz
T  
w
w DO ;  
when :0lz    ,0 w
w
z
T   .,, ffyx   
When :
2
xlx #   0 
w
w
x
T ;     
when :
2
yly #   0 
w
w
y
T . 
3.4. Calculation of balling process of the powder in SLM 
Under the influence of laser radiation on the micron-sized particles it is difficult to control the rapid processes of 
heating, melting and combining the powder particles in a beam spot that is most characteristic of a low-melting 
materials. Laser melting of the powder is often accompanied by clumping or spherodization (balling process), when 
in a beam area the powder particles have time to melt and unite into one continuous liquid mass is typically of the 
spherical shape Yadroitsev(2010), Tolochko et al.(2004). Initial data for calculation are given in Table 1. 
 
                                              Table 1. Physical parameters used in the calculations. 
Physical parameter, dimension Steel 
Density : 
mS UU ,  [kg/m
3] 6900/6610 
Heat capacity: mS CC , [J/(kg K)] 477/810 
Thermal conductivity: mS OO , [W/(m K)] 30.5/20.0 
Melting heat: mL , [kJ/kg] 272.0 
Evaporation heat: eL , [kJ/kg] 6100 
Evaporation temperature: eT , [K] 3137 
Hamaker constant: 
aH , [J] 2.1 10
-20 
Young’s Modulus:  E ,      [GPa] 210 
Poisson’s coefficient: X  0.28 
Laser power:   W ,  [W] 10 
Radius of beam:  0Z , [μm] 30 
Absorption coefficient:   
abK  0.3 
Attenuation coefficients : E ,  [1/mm]; 0.023 
 
Assuming that the agglomeration and consolidation of powder particles which were in the light field of laser, 
when the temperature reaches the melting point, occurs instantaneously with the formation of liquid spheres, then 
the radius of this sphere can be calculated from the mass balance of the united particles. The simulation results of 
balling process presented in the Fig. 6 (a, b, d), are in qualitative agreement with experimental data Tolochko et 
al.(2004), Fig. 6 (c). 
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Fig. 6. Simulation of balling process in fixed light field of the laser source: (a,b,d) - calculation; (c)- experiments photo Tolochko et al.(2004). 
3.5. Modeling and calculation of the SLM-track profile during the beam scanning  
The formation of the laser track of remelted powder particles is one of the main tasks of modeling SLM-
processes. As experiments show, for example by Yadroitsev(2010), the shape of the convex surface of the track 
close to cylindrical Yadroitsev et al. (2010). As in the laser cladding . Lalas et al. (2007) cylindrical surface of the 
remelted track in SLM is characterized by width 0d , height 0h , angle of contact T , Fig. 7 (a), and the radius of 
surface curvature:  )sin2( TdRt  . Changing the powder mass with time dtdmm  c  wherein the particles, 
getting into the beam area (velocity of the beam CV ) have time to melt and unite with each other into the cylinder, 
expressed by the equation:  
 TTTU cossin c tCp RVm ,                (13) 
 
If we assume that the values mc  and 0d  are determined by numerical solution of the thermal problem - the 
equations (12-16), then to find the contact angle, using (17) we obtain an algebraic relation: 
  
0)cos()sin()(sin4)( 2  { TTTTT kAf , ɝɞɟ )( 20dVmA Cpk Uc .                        (14) 
 
The zeros of function 0)(  Tf  for the values kA  of the range  100;1.0kA  for angles  ST ;0  cover the 
typical profiles of the obtained cylinders Fig. 7 (b).  
d
c 
a b
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Fig. 7. Schemes of remelted track profile (a) and calculations of the contact angles T  (zeros of the function )(Tf ) for kA =0.1; 10; 100 (b). 
Fig. 8 shows the results of modeling of laser heating, melting and formation of the remelted track of steel powder 
on a steel substrate. For comparison, Fig. 8 (d) shows a picture of experiments of  Yadroitsev (2010). In the 
calculations, we used the physical properties of steel, Table1, and also: beam scanning velocity VC = 30 ɦɦ/s; 
radiation power W= 25W; beam radius Ȧ0= 70 Pm. The width of the remelted track was set constant and equal to the 
beam diameter 00 2Z d .  The value of mc  was calculated by summing the mass of the melt particles the motion of 
the beam during calculation step t' .  
 
 
 
Fig. 8. Laser melting track from metallic powder on steel substrate: simulation the laser heat of particles and modeling of track formation (a, b, 
c); photo of the experiment of Yadroitsev (2010), top view (d). 1- zone of powder consolidation; 2- solidified melt droplets; 3- powder layer (non 
consolidated); 4- laser spot diameter; 5-  remelted track; 6- denudation of the substrate. 
a b 
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4. Conclusions 
A computer simulation method for the calculation of morphology of random packing layer of powder 
considering the adhesive interaction between the particles is proposed. Calculation algorithm is based on modeling 
of the sequence of processes of throwing single spheres on a substrate with a given function of the size distribution. 
The motion of one particle on the spherical surface of the other particle is described in the approximation of pure 
slip. The internal structure of a loose powder layer is a porous medium, where the spheres of different sizes are in 
contact with each other randomly. This model allows calculating the motion of each individual sphere, during the 
whole time from the start of incidence, the appearance of one or two contacts with other particles lying on the 
substrate, and to a full stop, when there are three contacts simultaneously, which provides a stable position of the 
particle. 
Discrete grid model of heat transfer to describe the processes of selective laser melting of powders is developed.  
Heat transfer in random packing is carried out through the surfaces of contacts between particles taking into account 
attenuation of laser radiation intensity in a granular medium. The contacts areas are calculated using the theory of 
elastic contact interaction of hard spheres. The agglomeration of heated particles in the light field of beam occurs 
instantaneously when the temperature reaches the melting point. 
 Solutions of two problems SLM are proposed: about the spheroidizing of powder in the fixed light field of the 
laser source; and about the obtaining of remelted track in a thin layer of powder at the motion of the same laser 
source with constant velocity.  
The model for the formation and calculation of profile of the laser remelted track is closely linked to heat 
transfer in powder packing, according to which, the parameters such as mass influx of molten particles in the light 
field of laser and the width of this track are calculated. There is so far only a qualitative comparison of calculations 
with the data of known experiments.  
The thermal state of the obtained remelted track and thermohydrodynamic processes in the melt are not 
considered in this paper.  
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